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Chapter 1 
Introduction 
 
 
1.1 Microcapsules and microdroplets technologies  
 
1.1.1 Microcapsules and encapsulation 
 
The microcapsule is small sphere with uniform wall which wraps inner 
samples as shown in Figure 1.1. Generally, the microcapsules have diameters of 
between a few micrometers and a few millimeters. Their generation methods and 
materials have been widely studied and chosen by purposes, functions and uses of 
inner materials or its wall. Interest of microcapsules as an encapsulant has 
increased, because of its wide applicability and merits. As the result, the 
microcapsule technologies have grown, and the definition also have been 
expanded.  
 
 
Figure 1.1: Definition and functions of the microcapsule 
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  The functions of the microcapsules are protection, transportation, 
quantification, and release control of inner samples. Functional wall of the 
capsules realizes protection of inner samples, and the sample can be safely 
transported by handling of the microcapsules. Also, controlled volume of 
microcapsules enables quantified sample control, and the functional wall provides 
well-controlled release performance of inner samples according to their purpose.   
Conventionally, fabrication and generation methods of the microcapsules are 
divided into two groups, physical methods and chemical methods. The physical 
methods represented by coating, nozzle [1] and spray [2] have a simple 
generation principle and they show good results of high throughput. On the 
other hand, chemical methods utilizing chemical reaction, cross-link and 
polymerization make it possible generation of microcapsules to be highly 
functional [3-6]. Recently, by the development of microfluidics, the microcapsules 
are fabricated in high precision devices and the methods provide high uniformity 
which directly influences performance of microcapsules.  
 
 
Figure 1.2: Conventional microcapsule generation method using physical stirrer 
and chemical polymerization [3] 
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Figure 1.3: Microdroplet formation in cross channel and dimensionless numbers 
related with their generation 
 
In many microfluidic methods for microcapsule generation, microdroplet 
generation methods realize advantages of both physical and chemical methods. 
The microdroplet methods based on physical method provide highly uniform 
microcapsule generation result and high throughput, as well as satisfying wide 
functions and performances by supplement of chemical material’s use [7]. 
 
1.1.2 Microdroplet formation  
 
 In various types of microdroplets generation methods, in recent years, T type 
channel and cross channel are typically used [8-10]. The microfluidic methods 
have well-defined generation results stable formation, uniform size and high 
throughput. The microdroplet generation depends on structure of the 
microchannels and properties of each phase fluid such as flow velocities, wetting 
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properties and fluid viscosity. Their behaviors are usually explained by 
dimensionless numbers of Reynolds number (Re) and capillary number (Ca) in 
Figure 1.2. The Reynolds number means the ratio of inertia force to viscous force, 
and the capillary number shows the ratio of viscous force to interfacial force. In 
many researches using various structures and fluids, the two numbers are used to 
explain the droplet formation.  
  The microdroplet generation has been applied to control of functional samples 
and materials in wide range fields, for example, chemistry [11] and biomedical 
science [12]. In this research, the microdroplet technologies in microfluidic device 
are used to realize microcapsules generation, handling and application of micro 
size samples and materials.  
 
 
1.2 Handling technologies of micro samples 
 
  To handle small size samples, many kind of technology have been developed. 
Especially, in handle of biological or environmental micro samples which consist 
of different sizes, shapes and information, separation and sorting technologies are 
indispensable to obtain good treatment and analysis results. Conventionally large 
numbers and volume of samples are mainly examined by electro-magnetic 
methods [13-16]. However, they have a critical problem of damage in samples 
due to utilized electro-magnetic fields, for example, denaturation of protein.  
  In recent researches for biological samples control, the microfluidic methods 
for low damageable handling are presented. Working principles of almost fluidic 
methods is based on direct control of samples by fluidic force or control of carrier 
flow including samples. And fundamentally, both types using indirect force of 
fluids soft can realize the low damageable control compared with direct control 
using electro-magnetic force.    
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Figure 1.4: Size-selective separation by different flow fraction in specific 
geometry and flow control [17] 
 
  Usable velocity distribution or different flow fraction utilized separation and 
sorting methods are representative microfluidic handling technologies using 
direct fluidic force for sample control [17-19]. As shown in Figure 1.4, separation 
of the type is usually performed in simple structure, but more skillful operation is 
demanded since a small change of flow distribution makes a large influence to the 
separation result.  
  On the other hand, sorting by micro valve system represents micro sample 
handling technologies to control a carrier flow [20-22]. Flow resistance change 
by valve control provides certain flow switching and simple operation, but its 
structure must be complex to obtain high performance as shown in Figure 1.5. 
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Figure 1.5: Micro valve system for sample control of a large number [22] 
   
  
Figure 1.6: Droplet trapping arrays using specific structures [26] 
 
Sample immobilization is another important topic for observation, treatment 
and reaction of micro samples. As a technology to immobilize small samples in 
specific position, microfilters with well-defined geometry provide considerable 
characteristics. However, limited filtration volume and pressure buildup due to 
the clogging is a critical problem with immobilization, especially, in use of soft 
biological samples. 
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Some microfluidic methods are developed to suppress the infinite pressure 
buildup by consideration of channel geometry [23, 24]. And, other methods using 
well or groove can trap single cells are also studied [25-27] as shown in Figure 1.6. 
However, sample handling technology for quantitative immobilization of large 
volume with controlled pressure is remained as an undeveloped field.  
 
1.3 A concept of this thesis  
 
 The microcapsule, microdroplet and handling technologies derived from 
microfluidic methods perform the sample controls basically on micro-chip. 
Accordingly, the methods are highly free from contamination compared to other 
methods performed in outside of closed space and by direct operation of men. In 
the small space, it is easier to control small samples quantitatively than in large 
scale. Also, the fluidic methods provide low damageable sample control, since the 
fluid works as a mechanical damper and a chemical diluent from undesirable 
shocks.  
The function as a sample protector can be enhanced by microcapsule 
technology. The functional wall isolates surely the samples from environments 
including contamination and other samples. Moreover, the wall provides highly 
functional performance to control inner samples, for example, reagent 
introduction from outside or sample release from inside. And instead of 
extremely small samples, relatively large microcapsules can be a detection target 
with the encapsulated samples. In use of the microcapsules as an encapsulant of 
samples, quantification is an important issue as well as development of functional 
capsule materials.  
Microdroplet technology in micro scale structure presents a useful 
quantification result. The well-defined size controllability of the technology 
achieves generation of highly quantified microcapsules, and consequently, the 
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precise control of the encapsulated sample can be obtained.  
  Based on the microfluidic technologies, this research develops isolation and 
individualization technologies for multiphase samples which can be applied to 
chemical reaction and biological analysis. In Figure 1.7, the proposed concept of 
individual sample control and isolation methods is shown. 
 
 
Figure 1.7: A concept of samples control by microfluidic technologies 
developed in this thesis 
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Encapsulated samples in microcapsules are isolated from environments and 
undesirable samples, and the microdroplet technologies aid sample volume 
control. To control wide range of liquid samples, a hollow microcapsule 
generation method using self-assembly polymer material is proposed. And, to 
extend the target to gas samples, a direct gas encapsulation method is developed.  
Handling technologies of microfluidic methods are also developed in order to 
control the encapsulated samples. By separation technologies, the samples are 
further isolated from different size samples. Especially, two separation methods 
using rotational flow in microchannel are studied for simple operation and high 
performance. Then, sampling technology for collection of specific samples is 
investigated. A microfluidic device which consists of pneumatic valves and 
deformable walls is proposed to collect large number of samples. Also, sample 
immobilization technology is required in case of need to observe or treat the 
separated and collected samples in microcapsules. Therefore, improved microfilter 
which can control trapping sample volume and in-channel pressure is developed.  
Low signal of the isolated small samples are detected by newly developed 
microlens which is fabricated by application of multiphase microdroplet. The 
fluidic method provides controllable optical properties for the microlens, and the 
lens will be controlled individually with the samples in microchannel.  
Finally, isolation of biological samples by gel microcapsule generation 
technology is proposed to obtain accurate analysis results of them. In the 
microcapsules of uniform size, bio-samples are uniformly cultivated and their 
information is protected. Furthermore, highly complex treatment and reaction of 
the samples are realized by integration with fluidic handling systems.   
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Figure 1.8: Outline of this thesis for microcapsules technologies 
 
 
 
Chapter 1   Introduction 
 - 11 -
1.4 Outline of this thesis  
 
  This thesis introduces microcapsule, microdroplet and handling technologies 
to control small samples in Chapter 1. Furthermore, advantages of the 
technologies and a concept of this thesis are described. Based on the merits, the 
novel microcapsule technologies and handling technologies for effective control 
of bio-chemical micro samples have been developed as shown in Figure 1.8. 
  In Chapter 2, microcapsule generation methods to control liquid samples and 
gas samples are presented. Using a specific polymer material and microdroplet 
technology, nano-porous hollow microcapsules are generated, and it is possible to 
encapsulate, conserve and release liquid samples. And also, a microdroplet 
generation method with directly gas injection realizes protection and 
quantification of nanoliter order gas samples in thin-wall polymer microcapsules. 
  In Chapter 3, microfluidic handling technologies for effective control of the 
encapsulated samples are developed.  
Firstly, using rotational secondary flow in a curved channel of a 
two-dimensional fluidic device, samples of micro order in diameter are passively 
and continuously separated by size. In second, to generate more strong rotation 
flow, a novel fabrication method of three-dimensional device is developed. 
Precisely formed three-dimensional structure realizes efficient rotation flow in 
microchannels and sample separation of large volume in the flow.  
Sampling technology with simple structure and operation is also developed to 
collect specific samples. A pneumatic valve device of a single layer provides 
multiple sampling performance, especially, serial deformation of highly flexible 
polymer walls in channel realizes selection of larger number than control number. 
  In order to observe or immobilize the samples, microfilter is improved. Sample 
capture of quantitative volume in specific position and pressure control in a 
device is achieved by adding bypass channels to pillar structures.    
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In Chapter 4, novel type of a microlens fabrication method for sample 
detection is presented. Using multiphase microdroplets, fluidic controllable 
polymer microlenses with high throughput are fabricated. Size and curvature of 
the lenses are controlled by conditions of microdroplet generation and their 
optical performance is evaluated.    
In Chapter 5, microcapsule technologies are applied to isolation of biological 
samples. The samples are encapsulated in microcapsules of gel which is used as 
culture ground. Flow and temperature control in a device realizes stable gel 
microcapsule generation of uniform size, and calculation of optimum sample 
concentration provides single cell encapsulation in a single gel capsule. Isolated 
biological samples are cultivated and gene synthesis in the cell is verified.  
Chapter 6 describes a summary of the thesis. 
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Chapter 2 
Generation of microcapsules  
for sample encapsulation  
 
 
  This chapter describes polymeric microcapsules generation methods for 
encapsulation of liquid phase samples and gas phase samples. To encapsulate, 
protect, transport and release the each phase samples, chemical and physical 
microcapsule generation methods are proposed. Based on a microdroplet 
generation technology, uniform size and high generation rate of microcapsules 
are achieved. By chemical self-assembly of a material, nano-porous formed 
hollow microcapsules were generated, and post-loading, conservation and release 
control of liquid phase sample was realized (in section 2.1). Also, encapsulation 
and protection of gas phase samples were achieved in thin membrane of 
microcapsules by direct gas injected microdroplet generation method (in section 
2.2).   
 
 
2.1 Microcapsule for control of liquid phase samples  
 
A fabrication method of nano-porous polymer microcapsules using 
self-assembly of the block copolymers in microdroplets are proposed. The 
spherical microcapsule with the diameter of about 25 μm was successfully 
fabricated with the thickness distribution of 0.5~1.5 μm and nano pores. Its 
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potential as an encapsulant use was demonstrated by comparing the release 
performance under the various microenvironments.   
 
2.1.1 Introduction  
 
The polymeric microcapsules are used for not only bio-chemical/medical fields 
as a cell encapsulant [1-5] or drug delivery system [6-10], but also industrial 
fields such as display [11, 12] or textile [13, 14]. Well quantified volume of 
microcapsules provides good control, release and reaction performance of 
encapsulated samples. Therefore, in most of researches, securing quantification 
and uniformity are main issue for their accuracy, reproducibility, and commercial 
viability. 
The potential utilization of polymeric microcapsules as encapsulants has led to 
the novel drug delivery system enabling the controlled release of drugs, dyes and 
enzymes under a preferable environment such as pH, temperature and 
illumination. 
This Chapter presents a novel method to fabricate the nano-porous polymer 
microcapsules by conjugating the flow-through droplet-based polymer 
self-assembly, together with the encapsulation of a florescent biomolecule and the 
quantitative evaluation of its release performance as a potential encapsulant for 
the different conditions of stimuli environments. 
 
2.1.2 Materials and microdroplet generation for microcapsule 
 
The functional spherical microcapsule were successfully produced by a 
conjunction of the well-defined amphiphilic block copolymers and the stable 
microfluidic wise, potentially aiming at mass-production of microcapsules as 
shown in Figure 2.1.1. A micro chemical plant with a crossed microchannel was 
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fabricated on a 200 μm-thick silicon substrate using a double-step deep reactive 
ion etches. The depth and width of the crossed channel were 100 μm and 100 μm, 
respectively. Then, for optical visualization, 100 μm-thick Pyrex glass was 
anodically bonded with the silicon substrate to form the channel. The block 
copolymer of poly (styrene-b-methyl methacrylate) was synthesized to define 
amphiphilic polymer microstructure by the atom transfer radical polymerization 
(hereafter, ATRP) [15]. The chemical structure of polystyrene-block-poly methyl 
methacrylate block copolymers (PS-b-PMMA) described in Figure 2.1.2. The 
molecular weight and the poly dispersity index (PDI) of the synthesized polymer 
were estimated by a gel permeation chromatography (Hewlett Packard Model 
1100 series) equipped with a refractive index detector. The estimated values were 
9837 g/mole and 1.08, respectively. 
 
 
 
Figure 2.1.1: Self-assembly of the block copolymer in the microdroplets 
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Figure 2.1.2: Synthetic process and chemical structures of PS-b-PMMA block 
copolymer by ATRP 
 
 
Figure 2.1.3: Visualization of the stable droplet slug flow (a), and quantitative 
evaluation of droplet flow for the various ratios of the inlet flow rates (b, c) 
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Droplets are generated by introducing the immiscible fluids into the crossed 
inlet channel [16]. The organic solvent of CH2Cl2 containing the PS-b-PMMA 
block copolymers was introduced into the middle channel with a flow rate of 10 
μl/min. The water containing 3%wt PVA (polyvinyl alcohol) flew from two 
side-channels with each flow rate of 5 μl/min. In Figure 2.1.3, the continuous and 
stable droplet slug flow visualized by using a high speed CCD camera 
(PCO-1200hs). The size, pitch and number of the generated droplets per second 
were characterized by examining the images of droplet movement. Figure 2.1.3 
(b) and (c) show their changes for the different ratios of the inlet flow rates. The 
droplets with the diameter of about 120 μm were drained from the outlet and 
dispersed in the de-ionized water.  
As time goes by, the size of droplet was decreased to about 26 μm after an hour 
as shown in Figure 2.1.4. The size shrinkage occurred due to the release of the 
solvent included in the droplet. To form the solid microcapsule, solvent of the 
droplets was evaporated. However, the PVA was still remained on the surface of 
the microcapsule. Thus, in order to remove it, the copper filter was fabricated by 
laser machining with the hole of diameter of 15μm, and the microcapsules were 
filtered and washed with the de-ionized water. Finally, the nano-porous 
microcapsules were obtained. Figure 2.1.5 shows the SEM image of the 
fabricated microcapsules.  
 
 
Figure 2.1.4: Occurrence of shrinkage in the microdroplet after an hour of drain 
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Figure 2.1.5: SEM image of the fabricated microcapsules of uniform size 
 
2.1.3 Morphology of microcapsules  
 
The fabricated microcapsules are examined by using the SEM images. Figure 
2.1.6 shows microcapsules and its hollow characteristic before cleaning of PVA 
on the capsule surface. The hollow cavity could be shown after O2 plasma etching 
of its wall surface. After washing PVA out and drying water, the microcapsule 
with nano-porous was clearly shown in Figure 2.1.7. The size of nano-pores on 
the surface is not uniform but in the order of hundreds of nanometer. The capsule 
thickness of 0.5 ~ 1 μm was measured from the partially broken one.  
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(a) Produced microcapsules                (b) Inner cavity 
Figure 2.1.6: PVA-coated microcapsules and inner cavity after plasma etching 
before cleaning 
 
 
Figure 2.1.7: SEM image of nano-pores on the surface of microcapsule and the 
inner cavity after cleaning 
 
2.1.4 Encapsulation of foreign molecules 
 
Congo-red dye was loaded into the microcapsules to examine the 
encapsulation performance of foreign molecules and releasing them in the 
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designed microenvironments. Figure 2.1.8 depicts the encapsulation mechanism 
of the fluorescent dye. The microcapsules were immersed in the distilled water of 
30 ml in which Congo-red dye of 6.5 ×10-3 g/l was dissolved at the room 
temperature. The microcapsule suspended in the dye solution was sonicated over 
a day and kept for another day to ensure the maximal degree of encapsulation. 
The encapsulation efficiency of the microcapsules was measured by using a UV 
visible spectroscopy (Shimadzu, UV-1650PC). It was evaluated that about 20 % 
of dye from the solution was enclosed into the microcapsules. Congo-red is a 
well-known azo-dye with a hydrophobic center and charged ends. As water 
moves into the porous cavity of microcapsules, the dissolved dyes also gets 
adsorbed through the nano-pores and encaged in the inner polystyrene wall. As a 
result, the dye could be loaded in the microcapsules. 
 
2.1.5 Release control of an encapsulated sample   
 
The microcapsules were installed in the temperature-controlled UV cuvettes 
containing two different KH2PO4/NaOH buffer solutions of pH 7 and pH 7.8. 
The intensity of UV resulted from the release of the fluorescent dye was 
measured in the UV-visible spectroscopy by changing the temperature conditions 
of 30°C, 50°C and 70°C with respect to time change. Figure 2.1.9 shows the dye 
release performance at the condition of the temperature of 50°C and pH 7.8. 
 
 
Figure 2.1.8: Schematic encapsulation mechanism of foreign molecules 
 
 
 
Chapter 2   Generation of microcapsules for sample encapsulation  
 - 25 -
 
On the basis of the UV spectrum obtained at the zero time, the time 
dependence of the release performance was evaluated at the different 
environments. Figure 2.1.10 shows the comparative release performance. The 
fluorescent dye was released fast within few hours. As the pH and temperature 
increased, the release rate becomes much faster and the higher release rate has 
been obtained. Also, for comparative evaluation, the release performance of 
encapsulated dye from the non-hydrolyzed polymer microcapsule was included in 
order to determine the dependence on the swelling of the microcapsule and 
diffusivity of the dye. At the high pH, the -COOH groups become ionized, and 
the charged COO- groups repel each other, which leads to high swelling. Thus, 
lower release rate from the non-hydrolyzed microcapsules is caused by the 
absence of swelling effect.  
 
 
Figure 2.1.9: Measured the UV spectrum with time at the temperature of 50°C  
and pH 7.8 
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Figure 2.1.10: Comparative release performance for different environmental 
conditions 
 
2.1.6 Conclusions   
 
The well-defined microcapsules were successfully fabricated by utilizing the 
microfluidic technologies with consideration of a copolymer material. The 
morphological studies of microcapsules were carried and the hollow inner cavity 
and the existence of nano-pores were demonstrated visually. Through the 
nano-pores and polymer wall, the encapsulation of foreign molecules was 
performed and the molecules were successfully conserved in the potential 
encapsulant. In addition, its release control was demonstrated quantitatively 
under the various environments, pH and temperature, at the first time in the 
world. Further investigations on employing different functional polymers and the 
in-channel purification of a surfactant will be investigated. 
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2.2 Microcapsules for encapsulation of gas phase samples  
 
This section presents a generation method of the hollow microcapsules by 
using microfluidic droplet formation. Microcapsules, about 1.4 nl volume, were 
generated from microdroplets which formed by gas-organic-water multiphase 
fluids in a simple junction. The polystyrene microdroplets containing gas core of 
140 μm diameter were generated 40 drops/sec averagely. Also, the droplets’ size 
and gas amount could be controlled by flow rate of each phase fluid. The gas 
included microdroplets are solidified to hollow microcapsules by release of 
organic solvent. Also, inner cavity of the solidified microcapsules is verified by 
scanning electron microscope (SEM) and focused ion beam (FIB). Microcapsules 
as a large volume container and long time gas sealing were realized with 
polystyrene film of about 100 nm in thickness. 
 
 
2.2.1 Introduction 
 
Droplet generation using T-junction and cross-junction are well known as 
effective methods to address the quantification in micro system. They are 
basically a physical method, but to supplement a chemical approach is also 
possible by using chemical reagents or polymer synthesis processes [17]. The 
fusion of a physical and chemical method can generate not only simple 
microcapsules, but also hollow capsules [18]. 
Specially, we note the polymeric hollow microcapsules as a drug delivery 
system and chemical container. The hollow capsule can contain large volume of 
contents compared with volume of a whole capsule, and polymeric wall can 
control the release of the contents according to its material and the chemical 
structure in specific environment [19]. However, it seems that using the 
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polymerization or chemical reaction is an indispensable way for making the inner 
cavity. Thus, the limitation of material and low uniformity is followed as 
mentioned above. 
On the other hand, fundamental encapsulation of target contents in step of 
droplet generation is researched actively in a level of micro fluidics [20], and they 
present high uniformity and controllability of size. Nevertheless, the materials 
were limited to liquid encapsulant and liquid samples. 
In this paper, we present a novel method to generate hollow microcapsules 
which do not rely on a chemical assistance. In order to form the polymeric 
microcapsules, microdroplet generation method in microchannel and using 
multiphase fluids are suggested. The encapsulated gas core in organic droplets 
helps to form a cavity and thin polymeric wall of microcapsules. Finally, it is 
expected that this method can be used to generate not only a chemical container 
or a deliverer of liquid drugs, but also an encapsulant or a transporter of reactive 
gases. 
 
 
Figure 2.2.1: Generation mechanism of microdroplets encapsulating gas phase 
sample 
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2.2.2 Principle of gas sample encapsulation 
 
The microcapsule is generated based on multiphase microdroplet formation. 
As shown in Figure 2.2.1, in a multiphase junction, polymer dissolved organic 
solution is introduced through a couple of diagonal channels, and the organic 
membrane is inflated by a gas from a vertical channel. The inflated organic 
membrane and gas are flowed into a horizontal channel and cut off by shear force 
of a water phase flow. As the result, the gas sample encapsulated liquid 
microdroplets are formed. 
Thereafter, the formed droplets are dipped into water. In stirred water, an 
organic solvent in the droplets is released out, and the solidified hollow 
microcapsules / gas phase sample encapsulated microcapsules are obtained.  
 
 
Figure 2.2.2: Schematic view of the microcapsule generation device 
 
 
 
 
 
Chapter 2   Generation of microcapsules for sample encapsulation  
 - 30 -
 
2.2.3 Device design and fabrication process 
 
A device for microdroplet generation consists of multiphase junction, 
observation area, three inlets, one outlet, and microchannels. Three inlets were 
designed to introduce gas, organic and water phase fluid, and the three channels 
join at one junction. Detailed sizes of the channels are shown in Figure 2.2.2. 
Horizontal channel for water, vertical channel for gas, and a pair of diagonal 
channels of 45° for organic phase fluid are connected, then, the multiphase fluids 
form the inflated organic droplets including the gas core. For observing the 
generated microdroplets, it is designed that an observation area of 1 mm in 
diameter between the multiphase junction and an outlet, since the diameter of 
droplets are larger than that of channel width. 
A micro machining technology was used to fabricate the multiphase junction 
(in Figure 2.2.3). A 200 μm thickness silicon wafer was etched to 100 μm depth 
from back side through a Deep Reactive Ion Etching (hereafter, DRIE) process 
for defining three inlets and an outlet. The multiphase junction, observation area, 
and channels were formed through a second DRIE process from the front side of 
the silicon wafer. The etching depth was 100 μm. This procedure not only 
patterns all of channels for microdroplet generation and through holes for inlets 
and outlets, but also protects the precise and week patterns from contamination 
and mechanical damage during the second DRIE and cleaning processes. Finally, 
the front side of patterned Si wafer was anodically bonded with Pyrex glass for 
visualization and sealing of the patterns. Finally, copper ports were bonded on the 
back side of patterned silicon wafer to connect inlets and an outlet with tube for 
fluidic experiments. 
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Figure 2.2.3: Fabrication process of the multiphase microcapsule generation 
device 
 
2.2.4 Experiments of multiphase droplet generation 
 
Air, dichloromethane dissolving 3 wt% polystyrene, and 3 wt% polyvinyl 
alcohol aqueous solution were used as three phase fluid. For introduction of each 
phase fluid, syringe (1750CX, HAMILTON) and syringe pump (KDS210, 
kdScientific) were used. Also, a high speed CCD camera (FASTCAM-NEO 
32K, Photoron) and data processing computer were utilized for visualization and 
storage of the droplet generation processes. 
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Figure 2.2.4: Visualization of multiphase droplet generation experiments 
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Figure 2.2.5: Sizes of whole droplet and air core according to flow rates of each 
phase fluid 
 
Microdroplet generation was performed under different flow conditions. As a 
result, organic phase membrane and air core were clearly observed. Thinner 
membrane was obtained at lower organic phase flow rate as shown in Figure 2.2.4. 
Also, Figure 2.2.5 shows quantitative sizes of droplets and air core according to 
water phase flow rate. In case of high water phase flow rate, the droplet and air 
core size is small. Stable droplet generation is obtained from 2 μl/min to 10 
μl/min. And also, increased gas phase flow realized thin organic membrane and 
large microdroplets.  
Generated droplets drained and cured in circulated water. Figure 2.2.6 (a) is 
SEM image of the successfully cured microcapsule under optimum conditions. 
However, careful treatment process has to need for curing, because not only the 
droplets are formed by very thin organic membrane but also air’s density is much 
lower than that of organic solvent. Since the process condition is delicate, dented 
(b), torn (c) capsules and microlens shape (d) were generated (Figure 2.2.6). 
Sealed structures with thin membrane were confirmed even in deformed capsules, 
especially, torn microcapsule (d). Also, the deformation results show possibility of 
simple gas release by low pressure or mechanical impact.  
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Figure 2.2.6: SEM images of solidified microcapsules after solvent removal 
 
  The solidified microcapsules were partially etched by FIB in condition of 40kV 
with 0.29nA for 1 hour. As the result, inner cavity and thickness of wall of the 
microcapsules were evaluated as shown in Figure 2.2.7. Thickness of dense 
membrane was about 3 μm and volume of the cavity was calculated as about 1.8 
nl which is over than 92% of total capsule volume. These results inform us 
possibility of protection and delivery of large volume of gas samples with thin 
membrane of the microcapsules.  
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Figure 2.2.7: Demonstration of thin wall and inner cavity of microcapsules by 
FIB process  
 
2.2.5 Conclusions 
 
The microcapsules encapsulating gas phase sample were successfully generated 
by multiphase microdroplet generation method of direct gas injection. The size of 
microcapsules and the volume could be controlled by control of flow rate of used 
fluids and concentration of polymer. Also, long-time sealing and release of gas 
sample of large volume with thin polymeric membrane were succeeded at the first 
time in the world. Based on this procedure, reactive gases can be encapsulated 
and transported in polymer microcapsules. For applications of this device, reactive 
gas encapsulation and microlens fabrication are under investigated. 
 
 
 
 
Chapter 2   Generation of microcapsules for sample encapsulation  
 - 36 -
2.3 References 
 
[1] F. Lim and A. M. Sun, “Microencapsulated islets as bioartificial endocrine 
pancreas”, Science, vol. 210, pp. 908-910 (1980)  
[2] S. Wen, H. Alexander, A. Inchikel, and W. T. K. Stevenson, “Microcapsules 
through polymer complexation Part 3: encapsulation and culture of human 
burkitt lymphoma cells in vitro”, Biomaterials vol. 16, pp. 325-335 (1995) 
[3] S. M. Chia, A. C. A. Wan, C. H. Quek, H. Q. Mao, X. Xu, L. Shen, M. L. Ng, 
K. W. Leong, and H. Yu, “Multi-layered microcapsules for cell encapsulation”, 
Biomaterials, vol. 23, pp. 849-856 (2002) 
[4] M. Ricci, P. Blasi, S. Giovagnoli, C. Rossi, G. Macchiarulo, G. Luca, G. Basta, 
and R. Calafiore, “Ketoprofen controlled release from composite 
microcapsules for cell encapsulation: Effect on post0transplant acute 
inflammation”, Journal of Controlled Release, vol. 107, pp. 395-407 (2005) 
[5] G. Orive, M. D. Castro, H. J. Kong, R. M. Hernandez, S. Ponce, D. J. Mooney, 
and J. L. Pedraz, “Bioactive cell-hydrogel microcapsules for cell-based drug 
delivery”, Journal of Controlled Release, vol. 135, pp. 203-210 (2009) 
[6] R. Langer, “New methods of drug delivery”, Science, vol. 249, pp.1527-1533, 
(1990)  
[7] T. Metz, M. L. Jones, H. Chen, T. Halim, M. Mirzaei, T. Haque, D. Amre, S. 
K. Das, and S. Prakash, “A new method for targeted drug delivery using 
polymeric microcapsules”, Cell Biochemistry and Biophysics, vol. 43, pp. 77-85, 
(2005) 
[8] Q. Zhao and B. Li, “pH-controlled drug loading and release from 
biodegradable microcapsules”, Nanomedicine: Nanotechnology, Biology, and 
Medicine, vol. 4 pp. 302-310 (2008) 
[9] N. Pariot, F. E. Levy, M. C. Andry, and M. C. Levy, “Cross-linked 
 -cyclodextrin microcapsules. II. Retarding effect on drug release through 
 
 
 
Chapter 2   Generation of microcapsules for sample encapsulation  
 - 37 -
semi-permeable membranes”, International Journal of Pharmaceutics, vol. 232, 
pp. 175-181 (2002) 
[10] K. Kooiman, M. R. Bohmer, M. Emmer, H. J. Vos, C. Chlon, W. T. Shi, C. S. 
Hall, S. H. P. M. Winter, K. Schroen, and M. Versluis, “Oil-filled polymer 
microcapsules for ultrasound-mediated delivery of lipophilic drugs”, Journal of 
Controlled Release, vol. 133, pp. 109-118 (2009)  
[11] B. Comiskey, J. D. Albert, H. Yoshizawa, and J. Jacobson, “An electrophoretic 
ink for all-printed reflective electronic displays”, Nature, vol. 394, pp. 253-255 
(1998) 
[12] D. G. Yu, S. H. Kim, and J. H. An, “Preparation and characterization of 
electronic inks encapsulation for microcapsules-type electrophoretic displays 
(EPDs)”, Journal of Industrial and Engineering Chemistry, vol. 13, pp. 438-443 
(2007) 
[13] G. Nelson, “Application of microencapsulation in textiles”, International 
Journal of Pharmaceutics, vol. 242, pp. 55-62 (2002) 
[14] S. Giraud, S. Bourbigot, M. Rochery, I. Vroman, L. Tighzert, R. Delobel, and 
F. Poutch, “Flame retarded polyurea with microencapsulated ammonium 
phosphate for textile coating”, Polymer Degradation and Stability, vol. 88, pp. 
106-113, (2005) 
[15] K. Matyjaszewski, D. A. Shipp, G. P. Mcmurtry, S. C. Gaynor and T. Pakula, 
“Simple and effective one-pot synthesis of (meth)acrylic block copolymers 
through atom transfer radical polymerization,” J. Polym. Sci. Part A: Polym. 
Chem., vol. 38, pp. 2023-2031 (2000)  
[16] S.J. Peng and R. A. Williams, “Controlled production of emulsions using a 
crossflow membrane Part I: Droplet formation from a single pore,” Chemical 
Engineering Research and Design, vol. 76, pp. 894-901 (1998) 
[17] C. Priest, A. Quinn, A. Postma, A. N. Zelikin, J. Ralston, and F. Caruso, 
“Microfluidic polymer multilayer adsorption on liquid crystal droplets for 
microcapsule sythesis”, Lab Chip, vol. 8, pp. 2182-2187 (2008)  
 
 
 
Chapter 2   Generation of microcapsules for sample encapsulation  
 - 38 -
[18] C. J. Cheng, L. Y. Chu, P. W. Ren, J. Zhang, and L. Hu, “Preparation of 
monodisperse thermo-sensitive poly (N-isopropylacrylamide) hollow 
microcapsules”, Journal of Colloid and Interface Science, vol. 313, pp. 383-388 
(2007) 
[19] Z. Dong, Y. Ma, K. Hayat, C. Jia, S. Xia, and X. Zhang, “Morphology and 
release profile of microcapsules encapsulating peppermint oil by complex 
coacervation”, Journal of food engineering, vol. 104, pp. 455-460 (2011) 
[20] C. Kim, S. Chung, Y. E. Kim, K. S. Lee, S. H. Lee, K. W. Oh and J. Y. Kang, 
“Generation of core-shell microcapsules with three0dimensional focusing 
device for efficient formation of cell spheroid”, Lab Chip, vol. 11, pp. 246-252 
(2011) 
 
 
 
 
Chapter 3   Technologies for handling of microcapsules and micro samples 
 - 39 -
 
 
Chapter 3 
Technologies for  
handling of microcapsules and micro samples  
 
 
This chapter describes sample handling technologies of small size for 
microcapsules and samples. Based on a flow control which is used as carrier of 
samples, mechanical sample handling is performed. The handling using fluidic 
force provides low damageable control of samples, high throughput of sample 
volume and quantitative control of sample numbers.  
Totally, this chapter is consist of following four sections; separation of micro 
beads in a two dimensional (2D) microfluidic device, separation of microparticles 
by a three dimensional (3D) device, target sampling by pneumatic valves, and 
sample immobilization by microfilter.  
The first section, 3.1, is passive separation by using secondary rotation flow in 
curved microchannel of 2D device. By computational analysis, the secondary flow 
which can be applied to size-selection is defined.  
The second section, 3.2, is separation by 3D rotation flow formed in 3D 
microchannel. The 3D structure is fabricated by development of multilayer 
PDMS (polydimethylsiloxane) stacking process. The strong rotation flow realizes 
a high throughput separation of samples by size.    
The third section, 3.3, is a sampling technology of specific target samples by 
pneumatic valves and deformable parallel walls. The deformable walls and 
pneumatic valves in simple structure of single layer realize multi-modes sampling 
of larger number than the number of controls.  
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The last section, 3.4, presents a sample immobilization technology of 
quantitative volume by micro pillar structures and bypass channels. The pillar 
structures and bypass channels are optimized by computational fluidic dynamics 
(CFD) and the quantification of samples is evaluated in the microfilters.  
 
 
3.1 Size-selective separation of microcapsules by secondary flow  
 
We present the separation and sorting of micro beads by their size using 
secondary flow. We have demonstrated a micro scale benefit of a secondary flow 
obtained in a curved rectangular microchannel, which is generally unfavorable 
and negligible in conventional fluid flow. The physical mechanism occurring in 
the size-selective separation was explained based on the numerical analysis of the 
characteristic velocity distribution on the cross-sectional plane normal to the 
main flow stream. The dynamic trajectories of micro beads of different sizes and 
materials are visualized and compared for the experimental demonstration. We 
also discuss the effects of both the shape uniformity of the micro beads and the 
inlet condition on the size-selective separation  
 
3.1.1 Introduction  
 
Since the theoretical analysis of flow in a stationary, curved cylindrical pipe was 
carried out by Dean [1], it is well known that when a fluid flows in a curved pipe 
with a small radius of curvature, the flow has helical streamlines [2-7]. This is 
called secondary flow, which is a relatively minor flow imposed on the primary 
flow [8]. Secondary flow consists of two symmetric swirling motions being 
exhibited on both sides of the cross-sectional plane [9]. This secondary flow can 
be found in numerous flow situations such as the blade passage in 
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turbomachinery, a bent pipe, aircraft intakes, diffusers, and heat exchangers 
[10-13] However, they consider the secondary flow as being the loss of 
momentum and energy. 
In this study, the secondary flow is favorably used to separate micro beads by 
size in the curved rectangular microchannel. Today’s micro fabrication 
technology can specifically provide a much smaller radius of curvature for the 
curved microchannel. This small radius results in increasing the Dean number, so 
that a strong secondary flow can be induced. We first perform a numerical 
analysis on the velocity profile of the secondary flow on the cross-sectional plane. 
The size-selective separation of micro beads of different sizes and materials is 
visualized. 
 
 
Figure 3.1.1: Schematic diagram of the curved microchannel and important 
design variables for the separation of beads of different sizes 
 
 
 
 
 
Chapter 3   Technologies for handling of microcapsules and micro samples 
 - 42 -
3.1.2 Principle of size-selective separation by secondary flow  
 
The steady flow of an incompressible viscous fluid containing micro beads of 
different sizes along the curved rectangular channel of a uniform cross-section is 
considered. Figure 3.1.1 describes the curved microchannel in the cylindrical 
coordinate system and the schematic diagram of the velocity distribution that 
results from the secondary flow. As Dean’s works examined, the strength of the 
secondary flow depends on a dimensionless parameter known as the Dean 
number, K. It is defined as a function of the Reynolds number, Re, the hydraulic 
diameter for the rectangular channel, Dh, and the radius of curvature, R, where U 
denotes the mean velocity in the channel. The radius of curvature denotes the 
distance from the origin to the center of the channel. The Dean number increases 
when the radius of curvature decreases and the Reynolds number increases, which 
allow a stronger secondary flow to be obtained. When the fluid flows along the 
curved section, the water pressure at the inner wall is slightly greater than that at 
the outer wall. Thus, the fluid near the center of the channel is pushed outwards 
due to this pressure gradient and near the top and bottom the wall moves inwards 
to satisfy the principal of mass conservation. The symmetrically swirling 
secondary flow is set up on the cross-sectional plane of the microchannel as a 
result of this.  
A numerical analysis of the secondary flow was performed for the various Dean 
numbers in Figure 3.1.2. The secondary flow was apparent once the Dean 
number reached about 5. The secondary flow then grew as the Dean number 
increased. Microchannels with different aspect ratios were also compared. For 
the same Dean number, a much stronger secondary flow was obtained in the 
microchannel with a higher aspect ratio. 
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Figure 3.1.2: Two dimensional vector fields of velocity for various Dean numbers 
in the curved microchannel and different aspect ratios. (a) Change in Dean 
number for the microchannel with an aspect ratio of 1.0. (b) Change in the 
aspect ratio of the microchannel 
 
We plotted the velocity profiles for the various Dean numbers on the 
cross-sectional plane located at   = 90° of the curved microchannel with an aspect 
ratio of 1.0, as is shown in Figure 3.1.3. It shows the interesting result that the 
zero velocities on the plane were always positioned at the same normalized height 
of 0.27 and 0.72, regardless of the different Dean numbers. This characteristic 
profile of velocity on the cross-sectional plane and the constant positions of zero 
velocity explain the mechanism of size-selective separation. The travelling micro 
beads suspended in the water along the curved microchannel are exerted by the 
fluidic force known as the Stokes force. Its magnitude is proportional to the 
dynamic viscosity, which is the net fluid velocity distributed on the bead and the 
bead radius. The direction of movement of these micro beads is in the same 
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direction as the velocity. Therefore, conceptually, a large bead mainly experiences 
a force from the outward velocity, while a small bead is dominantly forced by the 
inward velocity, as is depicted in Figure 3.1.4. As a result, the large micro beads 
move to the outer wall and the small beads move to the inner wall by passing 
through the curved rectangular microchannel. The opposite movement of the 
micro beads causes the continuous size-selective separation of beads by means of 
the secondary flow. 
 
Figure 3.1.3: Velocity distributions at θ = 90° and γ = 1 for various Dean numbers 
 
 
Figure 3.1.4: Size-selective separation of micro beads in the direction of the 
fluidic force exerted by the velocity distribution 
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3.1.3 Design of microchannel to generate the secondary flow   
 
Both of the variables of zero velocity and aspect ratio can be used to design the 
sizes of the microchannel in order to selectively separate the small and large beads. 
The small bead was considered to be smaller than 27% of the channel height in 
order to obtain a net velocity in the inward direction, while the maximum 
diameter of the large bead was obtained by using 72% of the channel height. In 
the microchannel design, two different glass beads with diameters of 20 μm and 
40 μm were considered to be separated. The height of the microchannel was 
calculated to be 75 μm based on the definition of the small bead. Also, the aspect 
ratio of 0.5 was taken in order to optically distinguish the separation of the micro 
beads in the curved microchannel. As a result, the width of the channel was 
determined to be 150 μm. The minimum radius of curvature of 200 μm was 
determined by considering the channel width. 
 
3.1.4 Fabrication of the device for the size-selective separation 
 
 
Figure 3.1.5: SEM image of the fabricated curved rectangular microchannel with 
a radius of curvature of 200 μm 
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A high pressure is applied to introduce the situation of a high Dean number in 
the microchannel. Thus, in order to prevent the delamination and fracture of the 
bonded dissimilar materials, the curved rectangular microchannel was fabricated 
by bonding silicon and Pyrex glass instead of using simple polymer machining. 
First, the 200 μm-thick silicon substrate was etched using the double step deep 
reactive ion etching. Figure 3.1.5 shows the SEM image of the 75 μm-deep and 
150 μm-wide microchannel with the two inlets and two outlets according to the 
design. The radius of curvature was 200 μm. Then, the 200 μm-thick Pyrex glass 
(#7740), which was used for optical visualization, was anodically bonded to the 
etched silicon substrate to form a rectangular microchannel. One inlet was used 
for introducing beads and the other for controlling inlet flow rate. Two outlets 
were used for sorting the separated beads by size.  
 
3.1.5 Visualization of the size-selective separation 
 
The curved rectangular microchannel bonded with transparent glass was 
placed in a microscope and a high speed CCD camera (FASTCAM-NEO 32K, 
Photoron) was installed to visualize the behaviour of the micro beads. The inlet 
flow rate was controlled using a syringe pump (KDS210, kdScientific), while the 
control inlet was not only designed to control the inlet flow rate but also to push 
the micro beads to the inner wall. The initial position of the beads can be used as 
the reference to examine their trajectories. It is also designed that after separation, 
the beads are sorted to the bifurcated channels according to their size.  
We examined nickel beads and spherical glass beads of 40 μm diameter. The 
inlet condition had a Dean number of 28.87. The nickel beads were 3 times 
heavier than the glass beads. The sizes of the nickel beads were distributed in the 
range from 1 μm to 10 μm and their shape was not spherical. The 40 μm glass 
beads and nickel beads were mixed in the water.  
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Figure 3.1.6: Visualization of micro beads’ behaviors in curved channel (a, b) and 
size-selective sorting of the beads in the outlets (c, d) at K = 28.87 
 
Figure 3.1.6 (a) and (b) show that the nickel beads and glass beads were 
perfectly separated as expected. The trajectories of all the nickel beads showed an 
inward movement, while the glass beads moved outwards. This separation 
became distinct as the Dean number increased. Also, after the separation, the 
mixed beads were sorted into two different outlet channels according to their size 
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and material, as is shown in Figure 3.1.6 (c) and (d). For the quantitative 
evaluation, the movement of beads was examined by analyzing the pixels of beads 
on the images read from the high speed CCD camera. The pixels that contained 
the streak of the micro bead in each image were marked with a circle in order to 
display the trajectory of the micro bead movement. Figure 3.1.7 compares the 
trajectories of the glass bead of 40 μm and the nickel bead of 10 μm in the curved 
rectangular microchannel. The movement of the micro beads was identically 
distinguished with successful separation by size. 
 
 
Figure 3.1.7: Comparison of the trajectories of the glass and nickel beads at K = 
28.87 
 
3.1.6 Discussion of the size-selective separation 
 
We also compared the 20 μm and 40 μm diameter spherical glass beads. The 
inlet condition was setup at a Dean number of 14.43. When the beads travelled 
along the curved microchannel, the 40 μm glass beads showed a radical 
movement outward and the 20 μm glass beads moved inward. The two different 
sized micro glass beads were successfully separated. However, as the Dean 
number increased to 28.87, we found that the small glass beads of 20 μm began 
to move outwards. It is visualized that this unexpected behavior was resulted 
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from the occurrence of the bead floating in the microchannel. In order to 
determine the mechanism of the bead float, the velocity field in the direction of 
the z-axis was obtained numerically. Near the inner wall, the velocity was 
directed upward, and at the outer wall it showed a downwards direction. In the 
middle, there is no z-directional flow velocity. Specifically, this upward velocity 
at the inner wall caused the small glass beads travelling along the inner wall to 
float. As a result, at the high Dean number flow, this upward velocity became 
stronger and they were pushed outwards. To prevent the micro beads from 
floating, together with using the heavy beads, an alternative is to use flow 
lamination. In a strong low Reynolds flow regime, three fluid flows are generally 
laminated. The micro beads suspended in the middle lamination flow may not be 
influenced by the z-directional flow.  
Also, based on the numerical analysis, the downward z-directional flow was 
obtained along the outer wall in the curved rectangular channel. Thus, if the 
micro beads are controlled to be positioned in the outer wall, it is also expected to 
be effective to settle down the micro beads on the bottom surface. The 
performance of the size-selective separation using the curved microchannel 
depends on the specific gravity of the micro beads, size and even shape. There 
will be a restriction in isolating a specific bead from the fully mixed beads with 
different sizes, materials, and shape. Specifically, the resolution of size-selectivity 
seems to be bimodal at this moment. Related with size, it may be possible to end 
this by putting the curved microchannels with different size and radius of 
curvature of microchannels in series. In addition, it can also be used to separate 
the micro polymer beads with a lower specific gravity. The high velocity in the 
microchannel is required to obtain the secondary flow. By narrowing the 
microchannel, such as with a nozzle, it is possible to obtain the high velocity 
locally.  
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3.1.7 Conclusions 
 
In this work, a new concept of the continuous size-selective separation of 
mixed micro beads was successfully suggested. The initial vertical position of the 
micro beads in the microchannel had a distinct effect on the performance of the 
size-selective separation. Thus, consideration of this is required to introduce the 
micro beads along a designed location regardless of specific gravity, shape, and 
the direction of the inlet. The focused stream scheme using lamination flow is a 
candidate for further study.  
For a practical use, the resolution of the size-selective separation must be taken 
into account by comparing the inertia force and the fluidic force to direct the 
behaviour of the micro beads. The inertia effect is proportional to the cube of the 
diameter and the fluidic effect is linearly proportional to the diameter. It is 
expected that the inertia effect is negligible relative to the fluidic effect in the 
micro scale. However, as the Dean number increases, the experimental results 
showed that the inertia effect was not negligible. A balance between the inertia 
effect and the fluidic force must be explained in order to obtain the size-selective 
resolution of the beads.  
By using this separation mechanism, there is the possibility of generating 
constant micro beads by putting the size-designed curved microchannel in 
sequence. The various sizes and materials, along with the resolution of the micro 
beads will be separated size-selectively and linked with biomolecular assemblies 
in our future works. 
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3.2 Size-selective separation using rotation flow in 3D structure  
 
It was demonstrated in section 3.1 that the rotational secondary flow is an 
effective method for size-selective separation. In this section, an additional 
size-selective separation method using stronger three-dimensional (3D) rotation 
flow is proposed. To realize the flow, a high accuracy fabrication method for 
multilayer PDMS (polydimethylsiloxane) devices is developed. Based on newly 
developed multi-stacking process using 3D alignment marks of the 
concave-convex pair structures, a multilayer PDMS device was fabricated without 
skillful handling for alignment. Total misalignment of smaller than 10 μm is 
achieved for fabrication of a five-layer PDMS device. The precisely aligned 
multilayer structure realized a novel type of particle separation. By 3D secondary 
rotation flow in the 3D fluidic microchannel, two types of microparticles of 10 
μm and 20 μm in diameter were successfully separated with high throughput. 
 
3.2.1 Introduction 
 
PDMS is a common material for biological and fluidic devices, because of its 
easy prototyping, biocompatibility and productivity. For actual application, 3D 
complex structures are required for high functional devices, and multilayer 
stacking processes have been studied [14, 15]. In the processes, main issues are 
alignment accuracy and bonding between PDMS structures. Some wafer or chip 
level alignment systems have been developed for this purpose. The alignment 
methods helped by methanol or ethanol as an interlayer between bonding 
surfaces and pretreatment methods to increase bonding strength were reported. 
However, complex operation and hand skill are still required to realize precise 
alignment and bonding. Removal of interlayer liquid is another problem in actual 
applications. From these reasons, we suggest a simple multilayer PDMS stacking 
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process. 
On the other hand, in biological sample handling, separation is one of the 
important technologies as well as sampling, sorting, and so on. Especially, high 
performance fluidic devices of continuous and size-selective separation have been 
requested in MicroTAS (Micro Total Analysis Systems) field. For continuous 
separation of different size samples, many types of researches have been already 
performed, for example, by using pinched flow [16] and Dean flow [17]. On the 
other hand, centrifugal separation using rotation flow of high flow rate was 
studied [18], but it is necessary to optimize the structure considering sample 
injection and collection for practical uses. Thus, we proposed a method using 3D 
rotation flow instead of the centrifugal flow to obtain high speed and throughput 
separation. To fabricate a 3D rotation flow device, we developed a fabrication 
method of multilayer microfluidic structures.   
 
 
Figure 3.2.1: Principle of multilayer PDMS fabrication method with highly 
accurate alignment using concave-convex pair structures (a) and assembled fluidic 
channels of five layers (b) 
 
 
 
Chapter 3   Technologies for handling of microcapsules and micro samples 
 - 53 -
3.2.2 Principles of 3D device fabrication and separation  
 
Multilayer PDMS stacking processes 
Figure 3.2.1 (a) explains high accuracy alignment of PDMS patterns with 
concave-convex pair structures. After plasma pretreatment which activates 
surfaces for bonding, the two layers are bonded in methanol. While the bonding 
process, concave-convex pair structures helps an alignment of the two layers. This 
assembly method avoids misalignment caused by optical alignment error and slip 
with methanol interlayer. As shown in Figure 3.2.1 (b), five layers are assembled 
layer by layer and the precisely aligned 3D multi-level microchannel structure is 
completed. 
 
Figure 3.2.2: Principle of 3D size-selective separation by secondary rotation flow 
 
 
 
Chapter 3   Technologies for handling of microcapsules and micro samples 
 - 54 -
in 3D cross channel 
Size-selective separation by 3D rotation flow 
Figure 3.2.2 shows a principle of size-selective separation by using 3D rotation 
flow. Secondary flow which is derived from main stream of crossed channels in 
top and bottom layer forms a rotational flow in the separation chamber. Samples 
are introduced by vertical direction and are separated due to different drag force 
and centrifugal force by size in the rotation field. In order to realize this principle, 
complex 3D triple level cross channel structures are requested. The proposed 
stacking process achieves high accuracy 3D PDMS structure necessary to realize 
the multilayer 3D flow.  
 
3.2.3 Fabrication processes of multilayer PDMS structure  
 
Figure 3.2.3 shows detailed fabrication process. To fabricate microchannels 
and alignment pair structures, single/double step SU-8 patterning and PDMS 
molding were executed. Especially, to form through holes and three 
dimensionally connected microchannels, additional cover layer of PDMS was 
used. A thick cover PDMS is fully cured over than 6 hours at 80°C to reduce its 
shrinkage in volume after peeling. The long time baking of the cover membrane 
also helps easy stripping from patterned thin layers after bonding. Poured PDMS 
is cured in temperature of 70°C and pressure of 100 kPa with thick cover 
membrane. After peeling from mold, the membranes are activated by O2 plasma 
treatment and dipped into methanol. The fluidic channels are simply aligned by 
concave-convex pair structures in the methanol. Then, the methanol is 
evaporated. In this process, vacuum evaporation was used to remove methanol 
interlayer between PDMS structures. The low temperature process not only 
avoids bubbling which will cause void area, but also provides longer activation 
time. Hence, the void area can be removed by applied pressure after first 
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evaporation of about 4 minutes. Second vacuum evaporation time was 20 minutes. 
Each layer is aligned and bonded one by one. 
 
 
Figure 3.2.3: Formation, alignment, bonding and assembly process for multilayer 
PDMS devices fabrication 
 
SEM (scanning electron microscope) images of each layer are shown in Figure 
3.2.4. The patterns for separation chamber, fluidic channels, and concave-convex 
structures were successfully formed. Additional channels which connect the 
concave-convex structures are also formed for methanol escape during alignment. 
Sizes of structures in each layer are as follow. In 2F, 1F, B1F and B2F layer, 
depth of fluidic channels, separation chamber and concave patterns is 100 μm, 
and height of convex structures is 30 μm. And, depth of fluidic channels, 
 
 
 
Chapter 3   Technologies for handling of microcapsules and micro samples 
 - 56 -
separation chamber and concave patterns of the ground layer is also 100 μm.  
 
 
Figure 3.2.4: SEM images of separation chamber, concave-convex structures and 
microchannels on each layer 
 
Figure 3.2.5 is microscopic images of each PDMS layer and a five layer stacked 
structure. Inner small four circles of 250 μm in diameter are the concave-convex 
structures for alignment of 1F and B1F layers with Ground layer. Outer large 
four circles whose diameter is 300 μm are for assembly of 2F and B2F layers with 
1F and B1F layers. A pattern in the center of the image is the separation 
chamber. As shown in the Figure 5, the separation chamber was precisely aligned 
by pair structures assembly. As the result, maximum misalignment of five layers 
in total is reduced to smaller than 10 μm, and each structure is perfectly bonded 
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without voids. 
 
 
Figure 3.2.5: Alignment result of separation chamber and assembly structures in 
a five layer stacked microfluidic device 
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3.2.4 Separation result using 3D rotation flow   
 
Size-selective separation is performed using mixed polymer microparticles of 
10 μm and 20 μm in diameter (Polybead® Microspheres, Polysciences, Inc.). To 
introduce the microparticles, syringe and syringe pumps (KDS210, kdScientific) 
were used, and particles separation results are captured by high speed CCD 
camera (Fastcam-neo, Photoron). 
Figure 3.2.6 shows a full view of the separation device. Flow from right and left 
inlets makes rotation flow in separation chamber, and the mixed particles are 
introduced from the upper side inlet.    
The separation behaviors are shown in Figure 3.2.7. The introduced 
microparticles of different size successfully separated in a separation chamber. 
Most of the large particles flow into a center channel while small particles flow 
into side channels. Flow rates of the microparticles inlet and cross channels inlet 
were 30 μl/min.  
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Figure 3.2.6: A full view of the fabricated device for microparticles separation 
 
 
Figure 3.2.7: Images of microparticles separation with a secondary rotation flow 
 
Separated particles were counted under microscope. Figure 3.2.8 shows ratio of 
the separation according to the outlet position. More than 90% of large particles 
flowed into center channel with less than 15% small particles. In addition, the 
experiment informs us that conditions of sample injection speed and injected 
position determine particle selection behaviors as well as the strength of 
rotational flow. And it is also expected that fine shape-selective separation by 
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proposed rotation flow behaviors. 
 
 
Figure 3.2.8: Results: distribution of separated microparticles 
 
3.2.5 Conclusions    
 
3D complex PDMS structure was fabricated by alignment and stacking 
method firstly proposed in the world. Assembly patterns and improved bonding 
process minimized misalignment of the multilayer PDMS device. In the 
fabricated 3D microfluidic device, strong rotation flow was easily generated, and 
samples of large volume were successfully separated by size with high throughput. 
It is expected that the fabrication method will be widely applied for 3D complex 
fluidic devices. Also, the proposed separation method can be used for analysis of 
biological samples and environmental samples. For more minute size-sensitive 
separation, design modification and flow optimization are still under 
investigation. 
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3.3 Sampling of specific targets using pneumatic valves  
 
Selective droplet sampling system which can deliver target droplets to five 
different chambers is realized by pneumatically controlled horizontal PDMS 
microvalves. One inlet and five outlets simpling are performed by only two 
pneumatic valves using the high aspect ratio flexible parallel PDMS wall 
structures. Selective droplets sampling is obtained with outlet flow resistance 
control by deformable horizontal microvalves and walls. The proposed simple 
flow control structure enables total flow system with simple fabrication by a 
single PDMS molding. The sampling was performed within 1 second under 
pneumatic pressure from 0 kPa to 250 kPa. 
 
3.3.1 Introduction  
 
Micro/nano liter sampling technologies are in high demand for wide range of 
applications in area such as clinical diagnosis and biomedical/chemical researches. 
To control the sample flow in integrated micro fluidic systems, electrokinetic 
methods [19], hydrodynamics [20], and mechanical valves are used. Among them, 
pneumatic flexible valves of horizontal type and vertical type have been widely 
used because of their simple structure and good controllability [21, 22]. However, 
issues are remained to be solved that a complicated stacking process of the 
vertical type and insufficient multiple controll of the horizontal type. We propose 
a novel type of the multiple droplet sampling system realizing minimum numbers 
of active horizontal microvalves.  
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Figure 3.3.1: Principle of multi-modes microdroplet sampling 
 
3.3.2 Principle of sampling and multi-modes sorting  
 
Figure 3.3.1 shows a working principle of single droplet sampling by 
horizontal valves and flexible parallel walls. PDMS walls on both sides of the 
micro channel are deformed by respectively controlled air pressure. The 
deformation, especially, overshot deformation of valves makes a sequential 
 
 
 
Chapter 3   Technologies for handling of microcapsules and micro samples 
 - 63 -
deflection of the flexible walls inside channel. Each fluidic channel is designed to 
have same flow resistance initially. However, flow resistances of channels between 
parallel walls are changed by deformation amount of valve control from one side 
or both sides. As the result, it is possible to control the flow resistance of each 
channel and to sort only single droplet to a specific chamber (Figure 3.3.2).  
 
 
 
(a) Construction of multi-modes sampling part  
 
(b) Images of deformed walls by pneumatic pressure 
 
Figure 3.3.2: The concept of droplet sorting by pneumatic valves and moving 
flexible walls 
 
 
 
 
 
Chapter 3   Technologies for handling of microcapsules and micro samples 
 - 64 -
3.3.3 Design and fabrication of the sampling device 
 
Whole system consists of a droplet generation part, pneumatic valve lines, a 
deformable part, sampling chambers, and a drain channel. Figure 3.3.3 shows the 
designed total device and detailed sizes of deformable part. Width of fluidic 
channel is about 30 μm, thickness of the parallel walls is about 40 μm, and the 
height of all structures is about 200 μm. Positions of the moving walls and 
pneumatic valves were optimized by calculations to obtain maximum deflection 
of the parallel walls. Also, the drain channel width was designed as 90 μm to 
drain main stream out of the device under initial condition. Designed structures 
were formed from PDMS using a SU-8 mold. It is bonded to the PDMS coated 
glass substrate after plasma pretreatment (Figure 3.3.4). The fabrication results by 
single step SU-8 patterning and PDMS replication are shown in Figure 3.3.5. In 
order to realize flexible PDMS structure, resin and curing agent were mixed in 
15:1 ratio.  
 
 
Figure 3.3.3: Design of a total device and detailed size of sampling part 
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Figure 3.3.4: Fabrication process of the sampling device 
 
Figure 3.3.5: SEM images of fabrication results of a PDMS single layer device 
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3.3.4 Fluidic experiments for multi-modes sampling  
 
For fluidic experiments, syringe (1750CX, HAMILTON) and syringe pump 
(KDS210, kdScientific) were used. The air pressure was controlled by pressure 
regulator (2657 pneumatic pressure standard, YOKOGAWA). Also, a CCD 
camera ( JK-TU53H, TOSHIBA) and a data processing computer were utilized 
for visualization and storage of the droplet sampling processes. 
 
   
(a) 0 sec     (b) 1 sec 
 
  
(c) 1.5 sec    (d) 2 sec 
Figure 3.3.6: Captured images of single microdroplet sampling with time 
sequence (Mode 1) 
 
 
 
Chapter 3   Technologies for handling of microcapsules and micro samples 
 - 67 -
   
(a) Chamber 2       (b) Chamber 3 
  
(c) Chamber 4   (d) Chamber 5 
Figure 3.3.7: Captured images of droplets placed at entrance to their objective 
chamber and pressure conditions 
 
In the droplet generation part, about 40 m diameter aqueous droplets were 
generated. As shown in Figure 3.3.6, generated droplets initially flow into the 
drain channel, because the flow resistance of the drain channel was designed as 
three times higher than that of the parallel sampling channel (a). According to 
deformation by pneumatic pressure, the flow resistance of the drain channel 
increases extremely and a target droplet flows into sampling channel (b). 
Simultaneously, selection of sampling chamber is performed with the multiple 
channel selection principle described in Figure 3.3.2. As the results, the target 
droplet is delivered to one objective micro chamber (c). By pressure release, 
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droplet sampling finished, and the main stream is restored to drain channel (d).  
The other delivery behaviors under different pressure conditions are shown in 
Figure 3.3.7. It is successfully demonstrated that different five modes droplet 
sampling by combination of applied pneumatic pressures from 0 kPa to 250 kPa. 
Furthermore, pneumatic line for drain and sampling channel is connected each 
other for simple control. As a result, the walls of drain channel are deformed in 
proportion to the pressure at different sampling modes. The adequate 
combination of PDMS pneumatic deformations enables multi droplet sorting. 
The multi-modes sorting and manually controlled single droplet sampling was 
performed within about 1 second. This device can be used effectively for 
sampling of biological cells and biomolecules. Slow switching speed compared to 
the electric methods and instability of droplet generation during sampling are the 
remaining issue. It is expected that integration of an automatic pressure control 
system will be a solution of these problems. Some specific structures which can 
realize independent control of droplet generation from sampling are considered.  
 
3.3.5 Conclusions  
 
Proposed multiple sampling for specific targets was successfully demonstrated 
in a newly developed sampling system fabricated by single step PDMS molding 
and bonding. By operation of the PDMS valves and flexible walls with a drain 
channel, flow resistance in microchannel was precisely controlled. As the results, 
target sampling from continuous sample flow was realized. Especially, deformable 
parallel walls in microchannel make it firstly possible sampling of large number of 
samples with small number of control valves. Structures of this type of 
microfluidic devices and systems will be improved to realize stable particles and 
bio molecules sampling. 
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3.4 Immobilization of samples using microfilter   
 
In section 3.4, the filtration to immobilize quantitative sample volume of 
microparticles is presented. The proposed self-tuning of flow resistance can 
prevent the excessive clogging of microparticles in the microfilter by allowing the 
automatic change of the flow direction when the microfilter is clogged. 
Numerically, at about 80% of the clogging of microparticles in the pillar channel, 
the sample flow is regulated suddenly to the bypass channel. Experimentally, the 
clogging behavior at the five successive pillar channels and the self-tuning of flow 
are compared by measuring the clogging area and volume with time. Also, the 
microfilter array connected in a series can provide an increase in the sample 
volume proportionally without excessive pressure build-up. This implies the 
potential to reduce cell fracture in the filtration of biological cells.  
 
3.4.1 Introduction 
 
Various filtration methods have been developed to obtain a liquid sample and 
suspended solid samples. The passive microfilter is often used in “Lab-on-a-chip” 
approaches since the pillar structures are embedded simply with well-defined 
geometry in a microchannel [23-25]. However, in filtering the microparticles in 
the microchannel by using the pillar structure, two critical issues arise. The first 
issue is the occurrence of the particles clogging in the pillar structure. This limits 
the volume of the samples to be introduced and collected. Secondly, as the 
clogging increases, the pressure builds up as well. For example, blood cells are 
soft and can be fractured easily due to the increased pressure [26, 27]. The 
biological components released by the cell lysis causes bias in the accurate medical 
diagnosis. 
To these ends, hydrodynamic filtration has been developed to prevent the 
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clogging and pressure buildup [28.29]. The hydrodynamic methods obtained the 
purified plasma and collected blood cells but the volume of the collected sample 
is too small compared with the volume of the injected sample and nonquatitative. 
To address these issues, we suggest a tunable microfilter consisting of a pillar 
channel and a bypass channel. The microfilter regulates the flow direction of the 
sample containing microparticles from the pillar channel to the bypass channel 
automatically when the flow resistance of the pillar channel reaches a threshold. 
For the experimental evaluation of the microfilter performance, deionized water 
is mixed with microparticles. The filtration performance is visualized by 
comparing the clogging of microparticles at the different pillar channels with 
time. In addition, the array of the tunable microfilters connected in a series is also 
examined to increase the inlet volume of the sample and the filtration volume of 
the collected sample.  
 
 
Figure 3.4.1: Principle of quantitative sample immobilization by using filtration 
and bypass channel for self flow tuning 
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3.4.2. Principle of tunable filtration 
 
Since the filtration occurs in the pillar structures, the spacing of the pillars must 
be carefully designed by considering the sizes of the microparticles. Also, to avoid 
the clogging of particles and the excessive increase in pressure in the pillar 
channel, the bypass channel is added to change the flow direction, as explained in 
Figure 3.4.1. Firstly, a specified volume of a liquid with microparticles is 
introduced into the microfilter. Since the flow resistance of the pillar channel is 
designed to be smaller than that of the bypass channel, most of the liquid sample 
can flow through the pillar channel and the microparticles are filtered in the pillar 
structure. As the pillar channel is clogged with microparticles, the flow resistance 
of the pillar channel increases to exceed that of the bypass channel. Then, the 
flow direction is changed automatically into the bypass channel. This mechanism 
can prevent the excessive pressure build-up in the pillar channel. Also, the 
collected volume of the filtered liquid can be proportionally increased by 
positioning the microfilters in an array. 
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Figure 3.4.2: Schematic view of the filtration device with detailed sizes 
 
3.4.3 Design and fabrication procedure 
 
Design of the microfilter 
Basically, the microfiltration system is designed to have three components. 
They are the multi-inlets to control the inlet volume of the liquid sample 
containing the microparticles pneumatically, the microfilters with the function of 
the self-tuning flow resistance, and an outlet. Figure 3.4.2 shows a schematic 
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view. The inlet volume of the sample is controlled by two air inlets. To introduce 
a specified volume of the sample, it is injected into the inlet channel. There is a 
pattern of lines uniformly spaced as a ruler. Then, the leading edge of the sample 
is defined by infusing air. Also, by opening another air inlet, the sample is cut off 
as a form of slug. Finally, the sample volume is calculated by measuring its length 
with the cross-sectional area of the microchannel, and then the controlled volume 
of sample introduces to the microfilter. In the microfilter, the pillars are designed 
to have three different spacings of 9, 5, and 1 μm. They are targeted to filter 
various size particles targeting the white blood cells of 7-21 μm, red blood cells of 
2-8 μm, and platelets of 2-3 μm. Thus, the first array of pillars is designed to 
have the spacing size of 9 μm and the next six pillars array have the spacing size 
of 5 μm. The final pillars array has the spacing size of 1 μm, from consideration 
of the number ratio of the whole blood cells. One microfilter system can 
accommodate a liquid volume of approximately 1 nl. 
 
 
 
Figure 3.4.3: Comparison of velocity vectors without and with the clogging of 
microparticles in the pillar channel 
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Figure 3.4.4: Numerical results of the ratio of the flow rates for the increasing the 
blockage ratio in the pillar channel 
 
Numerical analysis of self-tuning of the flow direction 
For the verification of the self-tuning, a three-dimensional numerical analysis 
was conducted by using a commercial software (CFD-ACE+). In the simulation, 
two modules of Macro Particle and Flow were used. The Macro Particle module 
simulates the clogging behavior of microparticles in the pillar channel. The 
microparticles had exactly the same size and density as those used in the 
experiment. The detailed sizes of channels and pillars were also exactly the same 
as those given in Figure 3.4.2. However, only one pillar array with the spacing of 
9 μm was used to reduce the numerical load resulting from the massive mesh 
generation. First of all, to examine the self-tuning of the flow direction, the inlet 
velocity of 1mm/s was given and the polystyrene particles with a diameter of 10 
μm were suspended in the water. As shown in Figure 3.4.3 (a), the flow passed 
through the pillar channel initially. As the pillar channel started to clog, the main 
flow direction began to change to the bypass channel, as shown in Figure 3.4.3 
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(b). The result of numerical analysis is identical with that the flow direction can 
be regulated without an excessive increase in pressure in the pillar channel, as 
depicted in the working principle. The Flow module was also used to determine 
the change of the flow direction to the bypass channel by blocking the pillar 
channel. The detailed sizes of the microfilter were the same as those used in the 
experiment and the inlet velocity of 1mm/s was also used. The blockage ratio of 
the pillar channel was changed by reducing the height of the pillar channel. 
Figure 3.4.4 shows that the velocity in the bypass channel was negligible 
compared with that in the pillar channel before the clogging occurred. As soon as 
the pillar channel was clogged, the velocity in the bypass channel was increased 
owing to the build-up of the flow resistance in the pillar channel. It is shown that 
the flow in the bypass channel rapidly increased when about 80% of the pillar 
channel was blocked, while the flow decreased in that portion.  
Numerically, it is shown that the flow direction can be regulated by adding the 
bypass channel. This principle has an advantage to prevent the fracture of cells 
resulting from the excessive pressure build-up in the microfilter. On the basis of 
the comparison of the initial flow resistances, the bypass channel for the given 
sizes of the pillar channel was designed to be 2000 μ m long and 30 μm wide. The 
initial flow resistance of the bypass channel was 40 times higher than that of the 
pillar channel.  
 
Fabrication of microfilters 
A deep reactive ion etching (DRIE) of silicon was used to define the pillars 
precisely with a high aspect ratio of 20. A 4- in., 200 μm-thick, double-polished 
silicon wafer was etched to 180 μm from the backside using the DRIE process to 
make three inlets and an outlet. The bypass and pillar channels were formed 
through the second DRIE process from the front-side of the wafer. The channel 
was etched over than 20 μm so that through-holes for the inlets and outlets were 
obtained. Thirdly, a silicon dioxide, SiO2, 3000 Å was thermally grown to 
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control the spacing of the pillar patterns to 1 m or less. Finally, the patterned Si 
wafer and a transparent Pyrex glass (7740) were bonded anodically to visualize 
the behavior of the microparticles. Figure 3.4.5 shows scanning electron 
microscope (SEM) images of the fabricated microfilter, the pillar channel, and 
the bypass channel. The magnified images of the pillar array show the 
well-controlled spacing and the aspect ratio.  
 
 
Figure 3.4.5: A photograph of a total device (a), and SEM image of pillar 
patterns and bypass channel 
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Experimental apparatus 
Analogous to the condition of whole blood, polystyrene particles of 10, 6, and 
2 μm (polystyrene, Duke Scientific) were mixed in deionized (DI) water at the 
ratio of 50 : 500 : 1. A high-resolution charge coupled device (CCD) camera 
(SANYO VCC-66574A) was mounted in a microscope to visualize the behavior 
of microparticles and filtration performance. A pressure regulator (Yokogawa 
2657 pneumatic pressure standard) was used to blow air to reduce the amount of 
water remaining in the channel. A syringe pump (kdScientific KDS210) was also 
prepared to introduce the sample. 
 
3.4.4. Filtration evaluation 
 
In the experimental evaluation, the specified inlet volume of the sample was 
injected and three types of test were performed. Firstly, the filtration 
performance with time was compared at five successively positioned microfilters 
by measuring the clogging area of microparticles in the pillar channel. Secondly, 
for the same input volume, the filtration performance was visualized by 
increasing the number of microfilters. Finally, the possibility of increasing the 
sample volume was examined with increasing the number of microfilters. Figure 
3.4.6 shows the pneumatic control of the input volume of the sample liquid by 
using syringe pumping and air blowing. In particular, the specified sample 
volume was measured by counting the evenly distributed line patterns. In this 
method, the sample volume was controlled to be about 0.77, 1.71, and 2.57 nL. 
The feasibility of the volume control of the sample was successfully demonstrated. 
However, since the concentration of microparticles in the sample volume of 1 nL 
was considerably low, it was very difficult to visualize them. Thus, a larger 
volume of the sample liquid was prepared precisely by using a pipette (GILSON 
Pipetman) in the filtration experiments. Finally, air was blown to remove the 
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remaining sample liquid in the device.  
 
   
Figure 3.4.6. The specification of the input volume in nano liter using the 
pneumatic control 
 
 
Figure 3.4.7: Visualization of the filtration in the pillar channels with time and 
the self-tuning of the flow direction for sample volume of 20 μl 
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Filtration comparison at the successive microfilters  
To examine the clogging of microparticles in the pillar channel and self-tuning 
of the flow direction, 20 μl of DI water with microparticles was introduced. 
Figure 3.4.7 shows that most of the microparticles were filtered in the preceding 
pillar channel when its flow resistance was lower than that of the bypass channel. 
As it increased, the liquid with the suspended microparticles started to flow 
through the bypass channel automatically and they were filtered at the next pillar 
channel. This occurred repeatedly at the following pillar channels.  
 
 
Figure 3.4.8: Measurement of the clogging area with time sequence at the five 
successive microfilters for sample volume of 20 μl 
 
In Figure 3.4.8, we compared the clogging area with time in each pillar 
channel. In fact, since the pillars and the microparticles are three-dimensional, 
the clogging volume must be measured and compared. However, in examining 
the clogging volume, the two-dimensional CCD image was used. The areas were 
measured by counting the number of pixels where the microparticles 
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accommodated in the pillar channel. The flow direction was switched into the 
bypass channel when the clogging area reached about 0.03-0.05 mm2. By 
considering the uniform distribution of microparticles in the pillar channels and 
the depth of the channel, the volumes of clogged particles were evaluated to be 
about 0.6-1 nl. Also, the maximum clogging area was saturated at 1.1-1.5 nl.  
 
 
Figure 3.4.9: Comparison of filtration performance by increasing the number of 
microfilters for same input of 10 μl 
 
Filtration for increasing the number of microfilters and the sample volume  
Figure 3.4.9 shows the filtration results for the inlet of the sample volume of 
10 μl. However, one microfilter cannot accommodate all of the microparticles 
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contained in the sample volume of 10 μl. Thus, the number of microfilters was 
increased to 3 and 5. As shown in Figure 3.4.9 (c), after the third pillar channel, 
the clogging was not found at all. This implies that by using the self-tuning of 
the flow direction, it is possible to reduce the pressure in the pillar channel. In 
addition, this enables the increase of the sample volume for filtration. We also 
increased the input volume up to 20 μl for the maximum number of microfilters 
of 5. Figure 3.4.10 shows that the increase in the number of microfilters allows 
the proportional increase in the inlet sample volume. 
 
 
Figure 3.4.10: Visualization and measurement of filtration performance by 
increasing both the sample volume and the number of microfilters 
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3.4.5 Conclusions 
 
The feasibility of the filtration of a sample liquid from microparticles without 
increasing the pressure in the pillar channel excessively was verified by using the 
self-tuning of the flow direction. The numerical and experimental results prove 
that as the pillar channel becomes clogged with microparticles, it begins to 
regulate the flow direction from the pillar channel to the bypass channel. In 
addition, the microfilter array in a series can provide the proportionally increased 
inlet volume of the sample. The air blowing is used to minimize the amount of 
the sample remaining in the microfilter. This principle provides the possible 
solutions to the cell fracture and the limit of the inlet volume which are issued at 
the conventional microfilter applications. However, for further study on the 
application of the microfilter with the self-tuning function to the on-chip 
diagnosis and detection using whole blood, the behavior of cells in the pillars and 
the maximum pressure, which does not cause cell fracture, must be examined. 
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Chapter 4 
Microlens fabrication 
using microcapsule technology  
 
  This chapter describes polymeric microlenses of controllable size and curvature 
fabricated in a microfluidic device. Positive meniscus microlenses were formed 
from the microdroplets encapsulating air core. The dimensions of the lenses were 
controlled by fluidic conditions of droplet formation. Especially, volume of air 
core and organic phase which form the microdroplets controls the diameter and 
curvature of the microlenses. Controllable sizes from 114 μm to 261 μm in 
diameter and radiuses of curvature from 61 μm to 357 μm were achieved. The 
proposed method enables high throughput microlens production. Also, the lenses 
will be applied to in-channel assistant for optical sample detection by individual 
handling and arrangement. 
 
 
4.1 Introduction 
 
Microlens is interesting optical component for amplifying low signal of small 
samples in biological uses as well as for realizing specific characteristic of display 
equipment in industrial fields. For microlenses which have various characteristics, 
many kinds of efficient microlens fabrication methods are studied and reported. 
Imprint [1, 2], molding [3, 4], and lithography/reflow [5, 6] is the representative 
methods for microlens fabrication. The methods provide high throughput and 
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fine fabrication results of wide range diameter and curvature of microlenses. 
However, their shape and size is limited in a design of mold or mask. Also, some 
specific methods [7, 8] using fluidic systems satisfy high controllability, but those 
systems request complicated structure and precisely integrated optical device. 
And, low throughput is also disadvantage to apply to a sample detection of large 
numbers.  
On the other hand, microdroplet formation is well known method which has 
good size controllability, high throughput and simple structure. Sometimes the 
droplets themselves are used as an optical lens [9]. Based on these merits of well 
controllability and high throughput, in this paper, we present a novel polymeric 
microlens fabrication method using multiphase droplet formation including gas 
phase. 
 
4.2 Principle of microlens fabrication using microdroplet  
 
The proposed method utilizes microdroplet formation, and the droplets are 
generated by three phase fluids. Specially, air was used as a core of the organic 
microdroplet. In Chapter 2, the droplets were stirred and solidified, and they 
became gas encapsulated microcapsules. However, in the chapter, the multiphase 
microdroplet generation method was applied to microlens fabrication.  
 
 
Figure 4.1: Principle of the microlens fabrication using multiphase microdroplet  
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Figure 4.1 shows the fabrication principle of the microlens. When generated 
multiphase droplets are dipped and neglected in liquid, organic membrane and air 
core are rearranged by difference of density and buoyancy. Since density of the 
organic solution and air is extremely different, the air core moves to up side, while 
the surrounding organic solution flows down to the bottom. The unbalanced 
density between each fluid makes a specific shape of the organic microlens of 
bottom side. By using polymer dissolved organic solvent as the organic phase, 
solid polymeric microlenses are formed. 
 
4.3 Device fabrication and experimental set up  
 
4.3.1 Device design and fabrication  
 
A device for multiphase droplet generation was designed as shown in Figure 
4.2. The microdroplets are formed in the multiphase junction where all channels 
are connected at and all phase liquids are introduced into. And they were 
observed in observation area of wide.  
 
Figure 4.2: Whole view and magnified fluidic junction structure of a multiphase 
droplet generation device 
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Figure 4.3: Fabrication process of multiphase microdroplet generation device 
 
The designed junction and microchannel (100 μm depth), inlets and outlet 
(through hole) were formed by a two-step deep reactive ion etching process from 
both top side and bottom side of a 200 μm thickness silicon wafer. Bottom side of 
the silicon wafer was anodically bonded with a glass substrate for visualization 
and sealing. Finally, copper inlets and outlet ports were bonded and tubes were 
connected on the top side of silicon wafer. 
 
4.3.2 Materials and experimental set up 
 
Air, dichloromethane dissolving 5 wt% polystyrene (refractive index: 1.54), and 
3 wt% polyvinyl alcohol aqueous solution were used for three phase fluid. For 
introduction of liquid phase fluids, syringe (1750CX, HAMILTON) and syringe 
pump (KDS210, kdScientific) were used. For more precise control of gas phase 
fluid, the air pressure was controlled by pressure regulator (2657 pneumatic 
pressure standard, YOKOGAWA) instead of using syringe. Also, a high speed 
CCD camera (FASTCAM-NEO 32K, Photoron) and data processing computer 
were utilized for visualization and storage of the droplet generation processes.  
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4.4 Results and discussions  
 
Three phase microdroplets of the organic membrane including air core were 
generated and observed by high speed CCD camera. As shown in Figure 4.4 (a), 
air injected microdroplets were successfully generated. And, in the observation 
area, organic membrane and air core were clearly observed (Figure 4.4 (b)). Their 
sizes are defined by flow rate of each phase. Also, the microdroplets were 
generated from 40 to 50 drops/sec in average. 
 
 
Figure 4.4: Captured images of generated microdroplets in multiphase junction 
(a) and observation area (b) 
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(a) Microdroplets dipped in water 
 
 
(b) Rearranged air core and organic membrane 
 
Figure 4.5: Images of microdroplets drained in water and their rearrangement 
 
The generated microdroplets were flowed out and they are dipped into water. 
At first, what organic membrane of the microdroplets perfectly wraps the air core 
is shown in Figure 4.5 (a). While the droplets are neglected about 10 minutes in 
the water, the two phases are rearranged by itself, because of unbalance of their 
densities. The results are shown in Figure 4.5 (b). The self-rearrangement of the 
two phase fluids and transformation to be lens of organic membrane are clearly 
obtained in the water as the proposed principle (Figure 4.1). 
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(a) Piles of solidified microlenses 
 
 
(b) Microlenses having various diameters and curvatures 
Figure 4.6: SEM images of solidified microlenses under different conditions 
 
Transformed organic solution which is including polymer is solidified in the 
water by release of organic solvent. Fully released and solidified results are shown 
in Figure 4.6. Formed polystyrene microlenses are demonstrated by SEM images. 
The lenses have positive meniscus shape and the diameters were from 114 μm to 
261 μm at different conditions. Also, their radiuses of curvature were ranged from 
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61 μm to 357 μm. Usually, property of optical lens is defined as follow, so that 
these changeable results indicated that it is possible to control lenses’ optical 
characteristics under different three phase flow conditions. The lenses fabricated 
in this research have different focal length and magnification of almost six times.  


 
2121
)1(11)1(1
RnR
dn
RR
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f
   :  Lensmaker’s equation 
f: focal length of the lens,   
n: refractive index of the lens material, 
R1: radius of curvature of the lens surface closest to the light source, 
R2: radius of curvature of the lens surface farthest from the light source, 
d: thickness of the lens  
(the distance along the lens axis between the two surface vertices) 
 
Figure 4.7: An optical evaluation result of the solidified microlenses 
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Optical characteristic of the fabricated microlenses is demonstrated in Figure 
4.7. On bottom side, we placed letters printed paper, and observed through the 
microlenses put on a transparent sheet. The large letters are focused on microlens 
so that we could see that by each microlens. The result by microscope shows 
possibility as a polymeric optical lens.  
We used polymer concentration of 5 wt% organic solution in this research. It is 
expected that dimension of lenses can be also controlled by changing the polymer 
concentration. The proposed method gives us more freedom of choice in polymer 
materials in comparison to the conventional photolithography and reflow 
methods. However, instable fabrication be caused by early air emission before 
solidification is remaining issue. In addition, it is also expected that fabrication of 
novel microlens array, for example, curved surface lens array by combining with 
the fluidic self alignment method. 
 
4.5 Conclusions 
 
Polymer microlens fabrication method of positive meniscus type by utilizing 
self rearrangement of fluids which consist of gas encapsulated microdroplets was 
proposed at the first time in the world. The fluidic lens fabrication method 
provided high throughput and easy structure control of polymer microlenses, and 
performance as an optical lens of the fabricated lenses was successfully 
demonstrated. The sizes and curvatures of lenses are controlled simply by the 
flow rates of three fluids used to generate the multiphase droplets.  
Since, the fabricated microlenses can be controlled individually in a fluid, 
introduction and collection to use with samples in microfluidic device is possible 
and their placement is controllable. Placement of the microlenses on an objective 
surface, more stable solidification process, and using method with samples are 
currently studied for its applications. 
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Chapter 5 
Individualization of biological samples 
by microcapsule technology 
 
 
  In this chapter, individualization of biological samples and isolation from 
environment is described. To control, protect, culture and analyze E. coli 
(Escherichia coli), sample encapsulated gel microcapsules were generated based on 
a microdroplet generation technology. Temperature and flow rate control realized 
the stable agarose gel microcapsule formation with high throughput. Also, 
optimized sample concentration enabled single target encapsulation in a single 
gel microcapsule of uniform size. Finally, cultivation of individual E. coli and GFP 
(green fluorescent protein) expression in the capsules was successfully 
demonstrated. 
 
5.1 Introduction 
 
  In a biological field, individualization and isolation of samples from the 
environment is highly demanding as it allows us to understand characteristics of 
single sample and to gain more precise analytical results. Conventionally, for high 
throughput of sample handling, separation and sorting technologies were 
developed, for example, FACS (fluorescence-activated cell sorting) and DEP 
(dielectrophoresis) [1-3]. The representative methods guarantee effective 
separation or sorting performance, but it cannot be a fundamental solution to 
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prevent an interaction of each biological sample, because they are in a same 
reagent or culture ground. Also, cell damageable electric and magnetic field is 
another reason why they cannot be a good method for handling of live cells to be 
cultivated and treated. 
  Microcapsule is a simple and effective method to protect and isolate 
information from sample. Sample encapsulation into bio-compatible materials 
such as alginate [4], chitosan [5], gelatin [6] and agarose gel [7, 8] have been 
established, but they show generation results of low size uniformity which can 
affect cultivation or during specified reaction. In this research, therefore, we 
developed the uniform agarose gel microcapsule generation of the target size by 
temperature control as well as fluidic control and sample concentration. E. coli is a 
widely studied prokaryote model organism and an important species as a host 
organism for DNA (deoxyribonucleic acid) or RNA (ribonucleic acid) related 
experiments. Therefore, the gel microcapsules were applied to culture E. coli as a 
bio sample and gene/protein synthesis was performed in the cells.    
 
 
 
Figure 5.1: E. coli encapsulation principle using agarose gel microdroplets 
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5.2 Principle and materials 
 
Sample isolation was performed by gel microcapsule based on the microdroplet 
technology. Simple cross channel makes it possible to form gel microdroplets of 
uniform size. By mixing E. coli with the agarose gel, the E. coli can be isolated in 
gel capsules as shown in Figure 5.1. By using an external heater contacted to a 
device, viscosity and solidity of agarose gel was thermally controlled. Also, oil 
phase flow introduced from top and bottom side channel defines both size and 
generation rate of gel microcapsules.  
To encapsulate E. coli, the used materials are as follows; agarose gel as an 
encapsulant and surfactant, 3% Span80, mixed mineral oil as a carrier.  
 
 
Figure 5.2: Schematic view of a gel microcapsule generation device 
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5.3 Device design, fabrication and experimental set up 
 
To generate agarose gel microcapsules encapsulating E. coli, a PDMS fluidic 
device comprised of a simple cross channel is used as shown Figure 5.2. Especially, 
temperature and viscosity of agarose gel was controlled in winding channels of 
both left and right side. On the left side channel, a heater is placed and gel 
solidification was thermally controlled. Two inlets at top and bottom side for oil 
phase flow were designed, and the channel width of cross channel was designed 
as 50 μm. Generated soft gel microdroplets in high temperature region solidified 
at the cooling part of winding microchannel of right side. 
The PDMS device is fabricated by a single SU-8 and PDMS molding process. 
Spin coat, exposure, and development form a single layer SU-8 mold of 50 μm in 
height. After CYTOP coating for release of PDMS, the PDMS resin is poured 
and cured at 70˚C. The fully cured and peeled PDMS structure is bonded with a 
PDMS coated glass substrate after O2 plasma treatment. In the process, silicon 
tubes are also connected accordingly. 
 
 
Figure 5.3: Experimental set up and visualization of thermal control 
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The experimental system set up is as follows; syringes (1750CX, 
HAMILTON) and syringe pumps (KDS210, kdScientific) for flow control, a 
commercial ceramic heater in size of 20 mm by 30 mm (60Ω, SUN 
SERATECH) and a power supply for temperature control, and a microscope and 
high speed camera (FASTCAM-NEO 32K, Photoron) for observation. The 
heater, upon voltage application, controls the temperature of the device and the 
agarose gel. The experimental set up and the thermal control are visualized in 
Figure 5.3. 
 
5.4 Experimental results of gel microdroplet generation and 
encapsulation of microparticles 
 
Generation of agarose gel microdroplets is visualized with a high speed CCD 
camera as shown in Figure 5.4. The result shows successful gel microcapsule 
generation of uniform size at the cross channel when the heater temperature was 
set at 80˚C. Other results in various conditions are also shown in Figure 5.5 (a). 
 
 
Figure 5.4: Visualization of gel microcapsule generation at the cross channel 
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(a) Gel microcapsules sizes according to gel concentrations and flow rates 
 
 
(b) A tendency of gel microcapsule sizes in relevance to the various conditions 
Figure 5.5: Generation results of gel microcapsules    
 
 
 
Chapter 5   Individualization of biological samples by microcapsule technology 
 - 103 -
Using gel concentrations of 0.5% to 2.0%, the gel microdroplets were 
successfully generated with the exception when 2.0% was used. The results 
indicate that it is difficult to form gel droplets at high concentrations due to high 
viscosity. A tendency of generated gel microcapsule is shown in Figure 5.5 (b). As 
the flow rate of the gel increase, the gel capsule size increases. On the other hand, 
capsule size decreases when high flow rate was used for oil. In addition, the gel 
microcapsule size changes according to the gel concentration. Applying high 
temperature can easily solve the difficulty in flow control resulted from high gen 
concentration. Nevertheless, higher temperature may cause damage to biological 
specimens introduced. Thus, the temperature of the heater was fixed at 80˚C in 
this research. 
 
 
 
Figure 5.6: Visualization of microparticles encapsulation in gel microcapsules 
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5.5 Encapsulation results of microparticles and E. coli in gel 
microcapsules 
 
  Based on the results from section 5.4, encapsulation of microparticles in the gel 
microdroplet was examined. Figure 5.6 shows the successful generation of 
microdroplets encapsulating particles at the cross channel. However, since 
encapsulation ratio depends on distribution and concentration of the particles, 
non-uniform or irregular encapsulation of particle numbers in a single 
microcapsule occurred. In order to encapsulate single E. coli bacteria within a 
single microcapsule, the concentration of E. coli was considered.  
For uniform encapsulation, the number of E. coli required volume of 
microcapsules and total gel volume was calculated as shown in Figure 5.7. In our 
calculation, the targeted size of a gel microcapsule was set at 50 μm. The 
optimum cell concentration required to be loaded into the agarose gel solution 
was decided and the generation was performed based on the calculation. 
 
 
Figure 5.7: Consideration of cell numbers and agarose gel volume for 
encapsulation of single E. coli cell 
 
 
 
 
Chapter 5   Individualization of biological samples by microcapsule technology 
 - 105 -
 
Figure 5.8: Cultivation results of E. coli in the gel microcapsule with time 
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5.6 Results of encapsulation and cultivation of E. coli   
 
  Results of E. coli encapsulation and cultivation are shown in Figure 5.8. 
Generated gel microcapsules were collected from a microfluidic device, then, 
washed and cultivated in LB (Luria Bertani) medium at 37˚C with agitation. 
GFP was utilized to visualize protein expression within the cells. As a negative 
control, non-GFP expressing cells were used. For the GFP expressing cells, due 
to the growth of the encapsulated single E. coli cell, a cell colony showing high 
fluorescence intensity after 5 hours of cultivation, was observed. These results 
show that the cultivation of E. coli was successfully performed in the gel 
microcapsules and suitable conditions for biological sample encapsulation 
including temperature control were achieved in this research. 
 
5.7 Conclusions 
 
A biological sample, E. coli, was successfully encapsulated and individualized by 
gel microcapsule generation. Uniform agarose gel microcapsules were generated 
with control of solution flow rate and device temperature. In addition, single E. 
coli cell encapsulation in a single microcapsule was realized by calculation of 
sample concentration. The encapsulated cells within the gel microcapsules were 
successfully cultivated, and GFP expression in the cells was clearly verified.   
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Chapter 6 
Summary 
 
 
In this thesis, microcapsule technologies to control small size and small volume 
samples based on microfluidic microdroplet technology were investigated.  
 
 
In Chapter 2 
 
Uniform nano-porous microcapsules were successfully generated by using 
self-assembly of a copolymer material in microdroplet. Microcapsules as a 
potential encapsulant were evaluated by investigating its release performance for 
various pH levels and temperatures. 
Microcapsules for encapsulation of gas phase samples were fabricated by 
multiphase microdroplet generation method of direct gas injection. Long-time 
sealing of gas sample of large volume with thin polymer membrane were 
achieved.  
 
In Chapter 3 
 
Continuous size-selective separation of micro beads was performed 
successfully by utilizing the characteristic velocity profile resulting from the Dean 
flow.  
High accuracy microfluidic device of 3D multilayer PDMS structure was 
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fabricated by newly proposed alignment and stacking method, and size-selective 
separation by 3D rotation flow in the device was successfully performed. 
Sampling of specific targets from continuous sample flow was achieved using 
pneumatic valves and flexible walls formed by PDMS of single layer. Deformable 
parallel walls in microchannel enabled sampling of large number of samples with 
small number of control valves. 
By design of bypass channel in the microfilter, flow and pressure in the 
microchannel were successfully controlled and filtration volume of samples was 
quantitatively controlled. 
 
In Chapter 4 
 
Polymer microlens of positive meniscus type was fabricated using 
rearrangement of fluids which consist of gas encapsulated microdroplets. Sizes 
and curvatures of the microlenses were simply controlled by control of fluidic 
conditions, and performance as an optical lens was successfully demonstrated. 
 
In Chapter 5 
 
Biological sample, E. coli, was encapsulated and individualized by gel 
microcapsule generation. Uniform agarose gel microcapsules were generated with 
control of fluid flow and device temperature. The encapsulated cells within the 
gel microcapsules were successfully cultivated and GFP expression in the cells 
was clearly verified. 
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